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Abstract 
The 60 nm-thick BiFeO3 (BFO) thin films with (h00) orientation were successfully grown on the 
LaNiO3(LNO)-buffered Pt/Ti/SiO2/Si(100) substrates. The effect of forming gas (7%H2+93%Ar) annealing (FGA) 
temperature (300-500ɗ) on the physical properties of the BFO thin films is investigated in this study. The x-ray 
diffraction results show that the higher FGA temperature results in a larger degree of deterioration of crystal quality 
of the BFO thin films. This change can be attributed to a loss of oxygen from the BFO thin films and the 
incorporation of hydrogen atoms into the lattice of the BFO thin films during FGA at a high temperature. FGA 
incurs an increase in surface roughness of the BFO thin films. The current maps obtained by the measurements of 
conductive atomic force microscope demonstrate that the leakage behaviors of BFO thin films without and with 
FGA at various temperatures under the breakdown electric field are different. The leakage currents are detected 
mostly in areas around large crystallites for BFO thin films without or with FGA at 300ɗ. In contrast, large 
crystallites in the BFO thin films with FGA at 400-500ɗ are electrically leaky and the detected currents are high 
compared to those of BFO thin films without and with FGA at 300ɗ. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Recently, many works show the potential application of bismuth ferrite thin films for ferroelectric random access 
memory devices [1-2]. Moreover, due to the unique physical properties of multiferroic bismuth ferrite thin films, the 
studies for important applications in spintronics, actuators, and micromechanical systems are widely conducted [3-4].  
Substantial effort has been made to integrate bismuth ferrite thin films with Si wafer to produce related devices. The 
bismuth ferrite thin films need to shrink to the nanscale for use in various nanodevices in the future. Considerable 
efforts have been stressed on the successful deposition of bismuth ferrite thin films with the desirable film structure 
and electrical properties for technological demands [1,5].  
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Forming gas annealing (FGA) is adopted in the process of Si-based devices to neutralize possible Si/SiO2 
interface trapped charges which are generated during the preparation of the oxide heterostructure. However, such an 
annealing has been reported to markedly deteriorate the electrical properties of ferroelectric or dielectric thin films 
[6-7]. FGA-induced degradation is an important issue that should be well understood for the realization of reliable 
Si-based devices with integration of ferroelectric and/or dielectric oxide thin films. To apply bismuth ferrite thin 
films, especially with nanosale in thickness, in practical Si-based devices, they must be characterized with reference 
to the dependence of their properties on the process of integration into an Si chip. However, the performance of 
bismuth ferrite thin films grown on Si wafers that have been treated by FGA has not yet been well studied. For the 
improvement of physical properties, the highly oriented bismuth ferrite thin films were realized by growing on the 
conductive oxide-buffered Si substrates to improve their physical properties [1,8].  Moreover, the dependence of 
growth temperature and conductive oxide buffering on nanoscale electrical properties of oxide thin films has been 
investigated; the nanoscale electrical properties of oxide thin films are especially important for the such films used 
in the Si-based nanodevices [1,9]. Unfortunately, the related studies on bismuth ferrite thin films treated with FGA 
are lacking. In this work, the effect of FGA at various temperatures on the structural and nanoscale electrical 
properties of bismuth ferrite thin films grown on the LaNiO3(LNO)-buffered Pt/Ti/SiO2/Si(100) is studied. The 
LNO is a good template for the growth of highly oriented bismuth ferrite thin films on the Si substrates [1]. The aim 
of this work is to correlate the microstructures and nanoscale electrical properties of the bismuth ferrite thin films 
with FGA for integration in Si-based semiconductor process. 
2. Experimental 
  The 60 nm-thick BiFeO3 (BFO) thin films were grown on Pt/Ti/SiO2/Si(100) substrates with the 100 nm-thick 
LNO buffer. Deposition was performed using a radio-frequency magnetron sputtering system. Details of deposition 
parameters of the LNO buffer have been described elsewhere [10]. During deposition of the BFO thin films, the 
substrate temperature was kept at 450ɗ and the gas pressure of deposition was fixed at 15 mTorr with an Ar/O2 
ratio of 4:1. The BFO thin films were subsequently annealed in rapid thermal annealing furnace with 300Torr 
forming gas (7% H2 +93% Ar) at various temperatures (300-500ɗ) for 20 min.  
The crystallographic structures of the BFO thin films were analyzed by measurements of X-ray diffraction 
(XRD) with Cu KĮ radiation. The composition depth profile was examined with secondary ion mass spectrometry 
(SIMS) with an oxygen ion source. The surface morphology of the BFO thin films was investigated with an atomic 
force microscopy (AFM). The chemical composition of the BFO thin films was determined using X-ray 
photoelectron spectroscopy (XPS). The surface current image of BFO thin films was observed by conductive atomic 
force microscopy (CAFM) with PtIr tips under various bias voltages. These observations were conducted on an area 
of 1 × 1 ȝm2.   
3. Results and Discussion 
Figure 1 presents the XRD patterns of BFO thin films grown on LNO-buffered Pt/Ti/SiO2/Si(100) substrates. 
The LNO buffers are highly (h00)-oriented on the Pt/Ti/SiO2/Si(100) substrates herein. The sputtering deposited 
(h00)-oriented LNO thin films on Pt-coated Si substrates have been realized with adequate control of process 
parameters [1,9]. Bragg peaks that correspond to the perovskite-structured BFO phase were observed in the XRD 
patterns. The BFO thin films grown on the LNO-buffered Pt/Ti/SiO2/Si(100) show clear (100) and (200) Bragg 
reflections, indicating a good (h00)-oriented crystallographic structure of the BFO thin films. This is because that 
LNO has a satisfactory crystallographic compatibility for growth of perovskite BFO thin films [1]. BFO thin films 
that are treated with FGA at various temperatures display no impurity or second phase. However, the intensity of 
Bragg reflections of the BFO thin films slightly decreased with FGA temperature and the full width at half 
maximum values of the BFO (200) Bragg reflections broadened with FGA temperature. This is likely due to more 
microstructural inhomogeneities in the film with a higher FGA temperature. FGA did not cause any change of BFO 
crystal structure but may result in increasing the number of oxygen vacancies or hydrogen atoms in the films. These 
effects might deteriorate the crystalline quality of BFO thin films with FGA and a higher annealing temperature 
causes a larger degree of degradation in film’s quality.  
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Figure 1. XRD patterns of BFO thin films grown on the LNO-buffered Pt/Ti/SiO2/Si substrates without and with 
FGA at 300-500ɗ.  
Figure 2 shows the XPS spectra of the Bi 4f orbital of the BFO thin films without and with FGA at 300-500ɗ. 
Figure 2(a) presents the XPS core-level spectra of Bi 4f, which show that bismuth ions are in the trivalent oxidation 
state and that no metallic bismuth is present in the BFO thin film without FGA. The peaks that correspond to Bi 4f5/2 
and Bi 4f7/2 orbitals in the trivalent oxidation state locate at 164.1 and 158.8eV, respectively. The absence of the 
metallic bismuth atoms reveals that the BFO thin film without a FGA is homogeneous in composition. However, Fig 
2 (b)-(d) shows the doublet of the oxidized Bi+3 4f core-level together with that of the Bi0 4f core-level for BFO thin 
films treated with FGA at various temperatures. The peaks that correspond to Bio 4f5/2 and Bio 4f7/2 orbitals in the 
metallic state for BFO thin films with FGA at various temperatures locate at 162.53~162.76 and 157.14~157.45eV, 
respectively. These values are close to the values of literature [1]. The metallic Bi0 4f core-level may be formed by 
the reduction of Bi+3 in ambient of forming gas. Notably, the energy difference between the Bi+3 4f doublet and 
metallic 4f doublet for BFO thin films with FGA is lower than 3.1eV for Bi2O3 [11]. The energy differences 
between the Bi+34f doublet and metallic 4f doublet for BFO thin films with FGA are ~2.0, 1.76, and 1.63eV with 
annealing temperatures at 300, 400, and 500ɗ, respectively. A high FGA temperature results in the BFO thin film 
with a small energy difference between the Bi+34f doublet and metallic 4f doublet. Moreover, the core level area 
ratio for metallic Bi to Bi+3  increased with FGA temperature. A high FGA temperature enhances the reduction of 
Bi+3 in the BFO thin films. This incurs the degradation of the BFO crystalline quality, as exhibited in the XRD 
patterns, and might further weaken the electrical properties of the BFO thin films.  
 
 
 
 
 
 
 
 
 
Figure 2. High-resolution XPS spectra of Bi 4f core levels of BFO thin films: (a) Without FGA, (b) FGA at 300ɗ, 
(c) FGA at 400ɗ, and (d) FGA at 500ɗ. Fitted data were exhibited in red lines. 
Figure 3 shows the SIMS spectra for BFO thin film with FGA at 500ɗ. The SIMS depth profile shows that 
the compositional modulation of the signal of elements is consistent with the designed film thickness. The use of 
LNO buffer layer effectively prohibited the outdiffusion of Ti into the BFO thin film. The outdiffusion of Ti through 
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Pt grain boundaries into dielectric layer at a high temperature has been reported and may cause the degradation of 
the electrical properties of the perovskite dielectric oxides [9]. The effect of Ti ions on the electrical properties of the 
BFO thin films can be excluded herein based on the SIMS result. Furthermore, hydrogen was detected in the BFO 
thin film. The diffusion of hydrogen into a 300 nm-thick Sr0.8Bi2Ta2O9 film treated by FGA at 400ɗ has been 
identified by SIMS depth profiling [12]. The high FGA temperature of 500ɗ herein inevitably will cause the 
hydrogen to penetrate into the BFO thin film. The distribution of hydrogen in the lattice of the BFO thin films or 
accumulation of hydrogen in grain boundaries of the films together with the possible formation of Bi vacancies 
during the FGA might degrade the crystal quality of the film. The diffusion of hydrogen into the ferroelectric thin 
films with no catalyst top electrode on top of the films during FGA has been demonstrated to cause the degradation 
of electrical properties of the ferroelectric thin films [13].   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SIMS depth profiles of BFO thin film on the LNO-buffered Pt/Ti/SiO2/Si substrate with FGA at 500ɗ.  
 
Figure 4 shows surface topography of BFO thin films without and with FGA. Figure 4(a) reveals that the 
surface of the BFO thin film without FGA was smooth and dense, with a root-mean-square (rms) roughness of 3.12 
nm. Figure 4(b)-(d) reveals that the FGA did not cause significant change in the surface morphology of the BFO thin 
films. The BFO thin films without and with FGA exhibit round surface grains. An increased surface roughness is 
observed for the BFO thin films with FGA compared to that without FGA. The roughening of oxide film surface 
annealed in forming gas has been reported [7]. The rms surface roughnesses of the BFO thin films are 3.41, 3.56, 
and 3.58 nm with FGA at 300, 400, and 500ɗ, respectively. The degree of surface roughening of the BFO thin 
films with FGA at various temperatures is not apparent. The FGA conditions herein may not have provided 
sufficient energy or continued for enough time to provide the driving force to further roughen the surface 
morphology of the BFO thin film associated with the reduction of surface energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. AFM surface images of BFO thin films: (a) Without FGA, (b) FGA at 300ɗ, (c) FGA at 400ɗ, and (d) 
FGA at 500ɗ. 
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Figure 5 shows the spatial distribution of leakage currents at the nanoscale for BFO thin films without and 
with FGA measured at an applied bias during AFM scanning. The current maps of the BFO thin films that are 
treated with and without FGA show dark regions over the area of interest, reflecting the fact that the surface of the 
BFO thin films remains highly resistant under 2V. As the bias is increased to 4V, a trace amount of leakage spots 
(white regions) with weak currents are detected on the surface of the BFO thin film without FGA. In contrast, the 
BFO thin film with FGA at 300ɗ displays a relatively higher ratio of area of conducting sites and higher leakage 
currents are detected over the measured area. The effect of annealing atmosphere on 200 nm-thick BFO films has 
been studied and the FGA annealed BFO film has a poor current-voltage characteristics in comparison with that of 
the nitrogen annealed film; this is attributed to the reduction of Bi+3 of BFO [14]. Notably, leakage currents are 
detected mostly in areas around large crystallites for BFO thin films without or with FGA at a low temperature of 
300ɗ and the large crystallites in the BFO thin films remain electrically resistive. This might be due to grain 
boundary was the conduction path of the leakage current in the polycrystalline oxide thin films [15]. However, the 
current maps of the BFO thin films with FGA at 400-500ɗ show that large conducting areas (white regions) were 
present on the micro- and/or nanoscale. The BFO thin films with FGA at relatively high temperatures of 400-500ɗ 
have different leakage current maps. Large crystallites in the BFO thin films show electrically leaky and the detected 
currents are high compared to those of BFO thin films without and with FGA at 300ɗ at the same applied bias of 
4V. A serious reduction of Bi+3 in the BFO thin film with FGA at a higher temperatures of 400-500ɗ, revealed by 
XPS analysis, degrades electrical performance of the BFO thin films. Comparatively, the higher FGA temperature 
results in a larger degree of degradation of electrical resistance of the BFO thin film. The hydrogen atoms diffuse 
into the film and react with the oxide to cause reduction of the oxide. The degradation of the electrical properties of 
ferroelectric thin films during FGA has been attributed to both the oxygen loss and the formation of polar hydroxyl 
bonds in the films [16]. The increased leakage current with FGA has been shown in the Pb(Zr,Ti)O3 film because of 
the lowing of the Schottky barrier by the emergence of oxygen vacancy in thin film [17]. Large amount of oxygen 
lost during FGA has also been posited to degrade the electrical properties of perovskite Bi4-xLaxTi3O12 thin films 
with FGA at 400ɗ [18]. Oxygen vacancies are well known to create deep-trap energy levels in the band gap for 
activating electrons to be mobile [19]; therefore, an increase in amount of oxygen vacancies in the oxide during a 
high temperature FGA degrades largely the electrical resistance of the BFO thin films. Further increasing the bias to 
6V produced large leakage currents from the crystallites for BFO thin films without and with FGA. This indicates 
that the 60-nm thick BFO thin films are not resistant against leakage under this high electric field of 1000kV/cm 
during CAFM measurements. 
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Figure 5. The current maps of BFO thin films grown on the LNO-buffered Pt/Ti/SiO2/Si substrates. The current 
maps were obtained under various bias voltages (2, 4, and 6V) during AFM measurements. 
4. Conclusions 
  The BFO thin films with (h00)-oriented perovskite-structured phase were grown on the LNO-buffered 
Pt/Ti/SiO2/Si(100) substrates. The XRD results show that the higher FGA temperature results in more 
microstructural inhomogeneities in the BFO thin films. A high degree of the reduction of Bi+3 in the BFO thin films 
was observed with a high FGA temperature. SIMS depth profiles show the LNO buffer layer prohibited the Ti 
outdiffusion into the BFO thin film but a clear distribution of hydrogen was found in the film when the BFO thin 
film was annealed in forming gas at a high temperature. The surface of the BFO thin films was roughened after FGA. 
The BFO thin films with and without FGA are electrically resistive under a bias voltage of 2V. With increasing the 
bias voltage to 4V, the leakage currents are detected mostly in areas around large crystallites for BFO thin films 
without or with FGA at 300ɗ and the large crystallites in the BFO thin films remain electrically resistive. However, 
large crystallites in the BFO thin films with FGA at 400-500ɗ show electrically leaky and the detected currents are 
high. The FGA-temperature-dependent microstructure and nanoscale electrical properties of the BFO thin films 
herein demonstrated that a high degree of deterioration of the physical properties of the BFO thin films at a high 
FGA is associated with the hydrogen in the film and the lost of oxygen of oxides.  
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